Bowtie plasmonic apertures, with gap sizes down to 11 nm and silver film thickness of up to 150 nm (aspect ratio 14:1), were fabricated on a silicon nitride membrane. Transmission spectra feature the aperture resonances ranging from 470 to 687 nm, with quality factors around 10. The mode area of the smallest gap aperture is estimated to be as small as 0.002 (k/n) 2 using numerical modeling. Importantly, our fabrication technique, based on an e-beam lithography and a lift-off process, is scalable which allows fabrication of many devices in parallel over a relatively large area. We believe that the devices demonstrated in this work will find application in studying and engineering light-matter interactions. Published by AIP Publishing.
Metal nanostructures separated by nanometer-scale gaps
can have plasmonic resonances which locally enhance the optical field intensity by several orders of magnitude in subdiffraction volumes. 1,2 These nano-plasmonic devices have a wide variety of applications in systems that rely on strong optical fields, such as surface-enhanced Raman scattering, 3,4 nanoscale nonlinear optics, [5] [6] [7] optical tweezing, 8, 9 fluorescence enhancement, 10 and large Purcell enhancement of quantum emitters. 11, 12 Plasmonic field enhancement becomes much stronger as the gap size is reduced to nanometer scale. This effect has been demonstrated in various applications: Purcell enhancements larger than 1000 were achieved using silver nanowires or nanocubes on metal films with spacing of 5-15 nm; 11, 12 surface-enhanced Raman scattering increases by orders of magnitude when the gap of gold dimers decreases; 4 and optical trapping simulations show that tapered 5-nm gap coaxial apertures could trap 2-nm dielectric particle with reasonable laser powers. 13 Thus, a controllable, high yield method to fabricate plasmonic structures with small critical dimensions is a key enabling technology for the field.
There has been much work done to achieve ultrasmall gaps in metal structures. Currently, sub-10-nm gap plasmonic nanostructures can be fabricated by atomic layer deposition followed by ion milling, 14 angled deposition, 15 self-assembly of nanoparticles, 16 chromium expansion with a second lithography, 17 and template stripping from a silicon substrate. 18, 19 Among all plasmonic nanostructures, the bowtie apertures (see Figure 1 ) are one of the more widely used plasmonic resonator structures, having been applied to optical trapping, 20, 21 sub-diffraction optical lithography, 22 and molecular fluorescence enhancement. 23 Focused ion beam (FIB) milling is a technique often used to achieve narrow-gap plasmonic aperture devices. For example, Ga þ -FIB has been used to fabricate coaxial 24 and bowtie 25 apertures with gap sizes down to 30 nm. However, realizing smaller gaps can be challenging due to the finite ion beam size and ion-substrate interaction. 24 Recently, researchers have used milling-based He þ -ion lithography (HIL) to produce apertures with even smaller gap sizes, down to 8 nm in coaxial shapes 24 and 5 nm in dimers. [26] [27] [28] HIL provides better spatial resolution and lateral smoothness than Ga þ based FIB. 24 However, both of these techniques are serial in nature, and fabrication of large arrays of devices is challenging. Electron beam lithography (EBL), followed by lift-off or ion milling, is a more scalable approach, capable of producing high resolution features at much a higher production rate. For example, sub-10 nm features were recently developed on hydrogen silsesquioxane (HSQ) EBL resist. [29] [30] [31] Furthermore, metal structures with sub-10 nm features have been demonstrated on silicon 32 and silicon nitride membrane substrates. 33, 34 However, the thickness of the metal layer that could be patterned (by lift-off) in these works was limited to 30 nm, 32 which is not sufficient to support non-zeroth order Fabry-Perot type resonances in bowtie nanoapertures. 35, 36 Furthermore, thicker metal films are needed to tune the resonance of these modes.
In this work, we developed a modified EBL lift-off process to fabricate large arrays of bowtie apertures with nanoscale gaps and resonances that can be theoretically tuned by controlling the thickness of the metal layer. Using this approach, we fabricated 150 nm thick silver bowtie apertures with gap sizes down to 11 nm (aspect ratio 14:1). This is better than what has previously been achieved with coaxial metal aperture using Ga þ -ion based FIB (30 nm gap, aspect ratio 3:1) and is comparable to the results obtained with the He þ based FIB (8 nm gap, aspect ratio 13:1). 24 Importantly, our approach is scalable and allows for realization of many devices in parallel. For example, we show that by varying the geometry of the bowties, resonances can be designed to span wide wavelength range, from 470 to 687 nm on one sample. Quality factors of 12 were measured. Figure 1 (a) shows the schematic of the designed bowtie aperture in a thin silver film, assuming the sidewall is vertical. The light incident on the aperture having polarization across the gap will be mainly coupled to the fundamental gap mode, which is concentrated inside the gap. Figure 1 shows the mode profile for the 11 nm-gap aperture at its resonance wavelength, obtained using three-dimensional (3-D) finite-difference time-domain (FDTD) simulations (Lumerical), overlaid on the scanning electron microscope (SEM) image of the fabricated structure. The maximum field intensity inside the aperture is found to be 1300 times stronger than the incident light outside the aperture. Using the definition of energy density in dispersive medium, 37 we also calculate the mode area as small as 0.002 (k/n) 2 (normalized to the field at the center of the aperture). We note that the gap mode of bow-tie apertures is always guided no matter how small the gap is (as long as the guided wavelength is below the cutoff, which is defined by the aperture outline), which is not the case in circular apertures. 38 This means that the mode area can be made extremely small and is only limited by the extent to which small gaps to be fabricated. However, a trade-off between mode area and loss due to absorption by the metal needs to be considered.
The fabrication procedure used is outlined in Figure  2 (a). Our devices are fabricated on 50 nm thick silicon nitride membranes in order to reduce the resist exposure to back-scattered electrons, and thus improve the resolution of our EBL step. We spin-coated the negative-tone HSQ electron resist (FOX-16, Dow Corning), forming a 0.8 to 1 lm thick resist film on top of the 50 nm silicon nitride membrane with a silicon scaffold (Norcada Inc.). EBL is used (Elionix ELS-F125) to pattern bowtie apertures with the e-beam dosage from 3360 to 4128 lC/cm 2 . Then, the sample was developed in tetramethylammonium hydroxide for 17 s, leaving behind tall bowtie posts. The e-beam resist post sidewall is almost vertical, which implies that there is virtually no electron back-scattering from the substrate (left of Figure 2(b) ). Next, electron beam evaporation (Denton) was used to evaporate a 2 nm layer of titanium followed by a 150 nm layer of silver. Figure 2 (b) shows that silver nanoparticles are deposited on the resist sidewall as well, which complicates the lift-off process. To mitigate this, we used a swab soaked with Isopropanol (IPA) to gently scrub the sample after the evaporation. This step breaks and removes the silver particle-coated posts just above the silver surface. Finally, we submerged the sample in 5:1 BOE (buffered oxide etch) for 130 s to remove the resist inside the aperture. Using this procedure, we could increase the yield of clear bowtie aperture production to almost 100%. We also demonstrated that this method is suitable for realization of bowtie apertures in thicker silver films: for example, we could fabricate 28 nmgap bowtie apertures in 250 nm thick silver film (supplementary material, Figure S1 ).
A few heuristics about e-beam writing bowtie posts are also worth mentioning. If the e-beam dosage is too large, the gap size G and aperture itself will increase. However if the dosage is too low, the gap will be closed and the two wings of the bowtie will be disconnected. For the same dosage, G reduces as gap length L increases (due to the proximity effect), and can eventually become zero (the wings get disconnected) if L is too large. Therefore, using the same EBL pattern, the gap size can be tuned by controlling the dosage and gap length. In general, 20-nm gap bowties are easily achievable while the yield of 10-nm gap bowties is lower.
The optical properties of fabricated bowtie apertures were first characterized with a standard optical microscope in transmission mode (Leica DMRX). Light from the halogen lamp is passed through a polarizer to align the polarization across the gap. As seen in the color image in Figure  3 be attributed to low-Q Fabry-Perot modes supported by the aperture terminated by air on the one side and silicon nitride membrane on the other side. To quantify these resonances, transmission spectra were measured in a home-built setup (supplementary material, Figure S2 ) using a spectrometer (Horiba iHR550 with Synapse CCD array). A broadband light source spanning 440-900 nm was generated by a halogen lamp, and a polarizer was used to orient the polarization across the gap. A 0.8 NA objective (1 lm collection spot size) was used to collect the transmission from individual apertures. This transmitted light was coupled to a fiber which was sent to either an avalanche photodiode (APD) or spectrometer. A piezo stage was used to precisely position the aperture on the collection focal spot as measured by the APD. Transmission data were normalized to the spectrum obtained with the sample removed. The 150 nm thick silver film transmits >25 times less power than the aperture, so we do not expect direct silver transmission to influence the spectra shown below.
The most direct way to tune resonance wavelength is to change the silver film thickness, thus changing the length of the Fabry-Perot-like cavity. However, for a given sample, the film thickness is fixed, so here we demonstrated resonance tuning via control of the lateral gap dimensions of the aperture. The bowtie waveguide mode index (supplementary material, Figure S3 ) decreases with decreasing L and increasing G, causing resonance blue shift. Figure 3(a) shows the transmission optical microscope image of a bowtie array in which we sweep G and L. In horizontal direction, from left to right, we increased the gap size G. In vertical direction, from bottom to top, we decreased the gap length L, which due to the nature of EBL also increases the gap size ( Figures 1(b) , 3(c) and 3(d)), as discussed above. The used EBL dosage is 3360 lC/cm 2 . As shown in the optical image (Figure 3(a) ), the aperture color is blue-shifted toward the top-right (small L and large G). This array also demonstrates the high yield production capability of our fabrication technique. Figure 3(e) shows the experimental transmission spectra of the apertures circled in (a), and quantitatively demonstrates the resonance tuning from 684 nm to 565 nm. The smallest-gap bowtie we can fabricate is 11 nm. We also simulated the transmission spectra of these five apertures and the results match well. The detailed simulation method is described in the later paragraph. Also, see supplementary material for more experimental examples of showing gradual resonance tuning in aperture array ( Figure S4) .
To further increase the resonance tuning range, we also fabricated the bowtie devices with a smaller outline. The smaller outline will tune the resonance towards shorter wavelength, without increasing the gap and thus sacrificing the enhancement. Figures 4(a) -4(c) show the scanning electron microscope (SEM) images of three smaller bowtie apertures along with their color recorded with the transmission microscope. The measured transmission spectra show resonances at 470, 539, and 605 nm for the three apertures, which match the blue, cyan, and orange colors, respectively, measured using the transmission microscope. Note that Figures 4(b) and 3(b) have similar resonance wavelengths, but Fig.  4(b) has a smaller gap and thus higher field enhancement due to smaller outline design. Despite the rough granular boundaries of the apertures, the resonances show quality factors larger than 6. The smallest aperture has the highest quality factor of all the measured devices at 11.8. However, it is also the dimmest among the three due to the smallest overall size. FIG. 3. (a) The transmission optical image of the bowtie array fabricated in 150 nm thick silver layer: gap size G changes with column and gap length L changes with row. Both decreasing L and increasing G will make the resonance blue-shifted. This array shows that the aperture resonance can be tuned smoothly via changing the lateral gap dimensions. Note that the perceived color has a yellow hue due to the yellow halogen lamp light source used in this experiment. (b)-(d) SEM images of three measured bowtie nanoresonators in (a). The SEM image of the orange circled aperture is shown in Fig. 1(b) . The measured Q factors are typically 6-8, and are near an order of magnitude smaller than the theoretically predicted material Q of 40-60 in this wavelength range. 39 This suggests our devices' Q factors are mainly limited by the sidewall tapering, surface imperfection, and the radiation loss at the aperture interfaces. From the above SEM images, we can see that the bowtie shape is well-defined by the modified lift-off after e-beam writing posts. However, from the supplementary material Figure S5 , it is clear that the boundary of the aperture is mainly defined by large grains, and the surface is not smooth, which is likely a main contributor to the low Q factors. In addition, the sidewall of the aperture is slightly angled since during the evaporation step the silver layer deposited on top of the resist post grows laterally and creates an umbrella effect which blocks the silver depositing on the SiN substrate. We performed SEM imaging at a tilted angle, which showed the wall is slanted by 20 -28 for several apertures (supplementary material, Figure S6 ). This issue could be solved by performing silver deposition on a tilted and rotating stage. More vertical sidewalls would likely improve the quality factors by creating a more consistent mode propagating through the aperture. The more vertical sidewalls give more abrupt changes at the interfaces, leading to higher reflections and thus higher Q.
We also simulated the transmission spectra of our apertures using a 3-D FDTD algorithm (Lumerical Solutions, Inc.). The aperture geometry was characterized using scanning electron microscope, and SEM images were imported into the simulation program, assuming the sidewalls are vertical. Dielectric properties of the silver film were directly measured via ellipsometry (J.A. Woollam). The simulation peak transmission wavelengths differ quantitatively from experimental results but reproduce the qualitative trend seen in the data: decreasing L or increasing G leads to blue. With the vertical cross section field plot, we confirmed the resonance is a Fabry-Perot like resonance with one node inside (left part of Figure S7 ). We attribute the quantitative inaccuracy to the tapering of our apertures. To investigate this possibility, we used the bowtie model shown in Figure 1(a) and tapered the sidewall of the bowtie aperture. We assume the sidewalls are slanted by 20 and the top corners are rounded in order to model the aperture geometry more accurately. After modifying these two factors, we can see the simulations match experiments better, suggesting these factors contribute to the remaining discrepancy (Figure 3(f) , and right part of Figure S7 ).
In summary, using EBL and modified lift-off we have fabricated small-gap bowtie metal apertures, with gap dimensions as small as 11 nm, which have previously been fabricated using more time consuming FIB milling processes. The ability to do large-scale fabrication enables high throughput cavity design optimization and experimentation. Transmission spectra confirm the resonators' resonances and demonstrate Q factors as high as 11.8. The bowtie apertures presented here offer an exciting platform for applications in light-matter interaction engineering, optical tweezing, and surface-enhanced Raman scattering. Thus, they may have applications in coupling to quantum emitters like defect centers in diamond 40 or quantum dots. 41 The use of these apertures to trap and pump colloidal quantum dots with twophoton excitation has already been demonstrated. 21 Finally, with ultrasmall mode area and clear colors, these apertures may find useful as ultrasmall color pixels. 42 See supplementary material for the figures mentioned in the manuscript: SEM images of bowtie apertures at normal and tilted angle, setup schematic, additional transmission data, and improved simulations done with slanted-rounded rather than vertical sidewalls. The measured transmission spectra of the three apertures, normalized by the emission spectrum of the source. They correspond to the optical images well. The blue resonance has the highest Q factor, which is 11.8.
